Enhanced biodegradation behavior of ultrafine-grained ZE41A magnesium alloy in Hank's solution  by Zhang, Fan et al.
Chinese Materials Research Society
Progress in Natural Science: Materials International
Progress in Natural Science: Materials International 2013;23(4):420–4241002-0071 & 2013 Ch
http://dx.doi.org/10.10
nCorresponding aut
University, Nanjing 21
fax: +86 25 8378 7972
E-mail addresses:
songdancharls@hhu.ed
Peer review under rwww.elsevier.com/locate/pnsmi
www.sciencedirect.comORIGINAL RESEARCH
Enhanced biodegradation behavior of ultraﬁne-grained
ZE41A magnesium alloy in Hank's solutionFan Zhanga, Aibin Maa,b,n, Jinghua Jianga,b, Honglu Xua, Dan Songa,c,n,
Fumin Lua, Yoshinori NishidadaCollege of Mechanics and Materials, Hohai University, Nanjing 210098, China
bJiangsu Collaborative Innovation Center of Advanced Micro/Nano Materials & Equipment, Nanjing 210094, China
cChangzhou Hohai Technology CO., LTD, Changzhou 213164, China
dNational Institute of Advanced Industrial Science and Technology, 2266-98, Anagahora, Shimoshidami, Moriyama-ku,
Nagoya 463-8560, Japan
Received 28 September 2012; accepted 12 April 2013
Available online 19 July 2013KEYWORDS
Mg alloy;
ECAP;
UFG;
Hank's solution;
Biodegradationinese Materials Res
16/j.pnsc.2013.06.00
hors at: College of
0098, China. Tel.:
.
aibin-ma@hhu.edu
u.cn (D. Song).
esponsibility of ChinAbstract The biodegradation behavior of an ultraﬁne-grained (UFG) magnesium alloy ZE41A
containing rare-earth (RE), obtained through multi-pass of equal channel angular pressing(EACP), was
investigated by electrochemical measurements in Hank's solution. The highest value of charge transfer
resistance was obtained in the electrochemical impedance spectroscopy plots of the ECAPed samples with
the largest pressing pass, while a movement of corrosion potential toward noble direction and a decrement
of corrosion current density were observed in the potentiodynamic polarization curves of the ECAPed
samples with further pressing passes. These results indicated that ECAP could be an efﬁcient way to
reduce the biodegradation rate of the ZE41A alloy.
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Magnesium alloys are considered as promising biodegradable
implant materials, due to their excellent mechanical properties and
biocompatibility, such as low density, high speciﬁc strength,
osteoinductive properties and elastic modulus close to that of human
bones [1–3]. However, in vitro and in vivo evaluations demonstrate
that the fast degradation rates of magnesium alloys in Cl− contain-
ing physiological system often result in the rapid destroy of their
implant before the healing of tissue and are not beneﬁcial to their
clinic application[4–7]. Recent researches showed that the corrosion
rates of Mg alloys after hot rolling and hot extrusion decreased withg by Elsevier B.V. All rights reserved.
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grain reﬁnement could be an effective way to control the fast bio-
degradation rate of Mg alloys. Equal channel angular pressing
(ECAP) is an efﬁcacious technique to fabricate ultraﬁne grained
(UFG) metallic materials without remarkable geometrical change of
bulk materials[10,11]. Until now, only a few researches have been
carried out to investigate the inﬂuence of ECAP process on the
corrosion behavior of Mg alloys[12,13]. Those limited literatures
proved that Mg alloys with a history of ECAP procedure obtained a
better anti-corrosion behavior[9,14]. Therefore, more attention
should be paid to the bio-corrosion behaviors of the ECAPed Mg
alloys. The biodegradation rate of ZE41A alloy (nominal composi-
tion Mg-4.9Zn-1.5RE-0.7Zr) is worth to study due to its excellent
biocompatibility. The results of authors' previous work showed that
the ECAPed ZE41A alloy consisted of UFG Mg matrix and
homogeneously distributed ﬁne secondary particles had improved
mechanical properties from room temperature up to 423 K[15] and
higher corrosion resistance in aqueous solution of NaCl[16]
compared with the alloy without ECAP. Several literatures reported
the corrosion behavior of ZE41A Mg alloy in different conditions
[17–19], but no researches have been carried out so far to study the
bio-corrosion behaviors of UFG ZE41A alloy. The aim of the
present work is to reveal the inﬂuence of grain ultraﬁning via ECAP
on the electrochemical behavior of ZE41A Mg alloy in a simulated
body ﬂuid (i.e. Hank's solution).2. Experimental
Three types of corrosion samples (5 mm in diameter and 2 mm in
length) were cut from the ZE41A billets ECAPed at 603 K for 8Fig. 1 Micrographs of ECAPed ZE41A alloy with various pressing passes
(d) 60 passes. Arrows indicate secondary phase particles.passes, 16 passes and 60 passes, respectively. Optical micrographs
of the ECAPed alloy showed that the percentage of ultra-ﬁne Mg-
matrix grains increased with the pressing pass, while the sample
with 60passes consists of UFG Mg matrix with average size of
about 2.5 mm and ﬁne secondary-particles homogeneously dis-
tributed in the matrix, as shown in Fig. 1. All these corrosion
samples (designated by 8 P, 16 P and 60 P, respectively) were
molded into epoxy resin with only one face exposed for the
electrochemical tests, and their working surfaces were ground with
SiC emery papers up to 2000 grit.
Electrochemical tests were carried out at room temperature in a
beaker containing 250 ml Hank's solution, by means of an
advanced electrochemical system of PARSTAT2273. The system
with a standard three-electrode conﬁguration has a saturated
calomel electrode (SCE) as a reference, a platinum electrode as
a counter, and the sample as a working electrode. Hank's solution
was made using Hank's Balance Salts (without sodium bicarbo-
nate, Merck Millipore Beijing Skywing), sodium bicarbonate
(reagent grade) and distilled water. It includes 137 mmol/L NaCl,
1.261 mmol/L CaCl2, 0.814 mmol/L MgSO4, 5.33 mmol/L KCl,
0.44 mmol/L KH2PO4, 0.338 mmol/L Na2HPO4, 5.56 mmol/L D-
Glucose and 4.17 mmol/L NaHCO3. The comparison of inorganic
ions in Hank's solution and in blood plasma is showed in Table 1.
All three types of ECAPed samples were immersed in Hank's
solution for various length of time (i.e. 1 h, 4 days and 8 days),
while the solution was refreshed every two days. Then their
electrochemical-impedance-spectroscopy (EIS) plots and potentio-
dynamic polarization curves were measured. Such immersion
intervals were chose to estimate the longevity of the UFG
ZE41A alloy for implant application, since the corrosion behaviors
of these ECAPed samples can be modiﬁed by their superﬁcial: (a) 8 passes with a low magniﬁcation, (b) 8 passes, (c) 16 passes and
Table 1 Comparison of inorganic ions in Hank's solution and in blood plasma.
Concentration of inorganic ions(mmol/L)
Na+ K+ Mg2+ Ca2+ Cl− H2PO4
− HPO4
2− HCO3
− SO4
2−
Hank's solution 141.85 5.77 0.814 1.261 144.85 0.44 0.338 4.17 0.814
Blood plasma 142 3.6–5.5 1.0 2.1–2.6 95–107 – 0.7–1.5 27 1.0
Fig. 2 Potentiodynamic polarization curve of ECAPed samples after immersion in Hank's solution for (a) 1 h, (b) 4 days and (c) 8 days.
Table 2 Corrosion potential and corrosion current density of
ECAPed samples.
Time
(day)
Ecorr(mV) Icorr(μA/cm2)
F. Zhang et al.422corrosion products. Their EIS plots were recorded at the steady
open circuit potential (OCP) by applying a 10mV sinusoidal
potential through a frequency domain from 100 kHz down to
10 mHz. The polarization scans were carried out with a scanning
rate of 1mV/s over the potential range from −1.8 mV vs. SCE to
different anodic limits.8 P 16 P 60 P 8 P 16 P 60 P
0d −1370.66 −1335.35 −1301.89 2.702 6.276 1.056
4d −1358.59 −1352.57 −1337.43 1.708 1.464 2.082
8d −1329.43 −1367.75 −1267.94 1.584 1.395 0.19853. Results and discussions
Fig. 2 presents the potentiodynamic polarization curves of the
ECAPed ZE41A alloy immersed in Hanks' solution for various
length of time at room temperature, where the intersection of
anodic branch and cathode branch is the corrosion potential (Ecorr).
Tafel extrapolation method was used to calculate the corrosion
current density (icorr), and Table 2 summarizes the values of Ecorr
and icorr for all ECAPed samples. It is obvious that the Ecorr values
of the ECAPed alloy immersed for 1 h shift positive with
increasing the pressing pass as shown in Fig. 2(a). The Ecorr
values of the 8 P sample was −1.371 V, while that of 60 P sample
was −1.302 V with an increment of 69 mV. The icorr value of the
latter was reduced by 61% compared with the former afterimmersion in Hank's solution for 1 h. As illustrated in Fig. 2(b)
and (c), the corrosion potential of ECAPed ZE41A samples
immersed after 4 days and 8 days shows almost the same
tendency. That may be attributed to a movement of Ecorr toward
noble direction and a decrement of corrosion rates in different
extents with the increase of ECAP pass.
Fig. 3 shows the Nyquist plots of three types of ECAPed
ZE41A alloy immersed in Hank's solution at room temperature
Fig. 3 Nyquist plots of ECAPed samples after immersion in Hank's solution for (a) 1 h, (b) 4 days and (c) 8 days.
Fig. 4 Equivalent circuits for (a) 1 h and 4 days, (b) 8 days.
Table 3 Fitting values of charge transfer resistance R (ohm cm2)
of the ECAPed samples.
Time (d) 8 P 16 P 60 P
0 2317 1420 3618
4 1637 1545 2671
8 7636 1.38E4 4.67E5
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semicircle at high and medium frequencies was observed for those
samples immersed after 1 h and 4 days, while an additional slight
arc was found at high frequencies for those samples immersed
after 8 days. It indicates a change of electrochemical properties
after a relative long term of immersion in Hank's solution, which is
probably induced by the precipitation of corrosion products on the
surfaces of those samples. On the other hand, the ECAPed samples
showed an inductive loop at low frequencies in all cases as shown
in Fig. 3(a–c), except for the 60 P samples immersed in Hank's
solution for 8 days (Fig. 3(c)). Considering that the kinetics of the
corrosion behavior is estimated from the capacitive arc obtained in
the high-frequency (HF) and medium-frequency (MF) ranges, the
analysis of the impedance data will focus on this part of the
spectra. By comparing the diameter of the capacitive arcs obtained
in Fig. 3, the highest diameters for the 60 P samples were found
for all immersion periods of time, thus showing a highest corrosion
resistance in Hank's solution.
Fig. 4 shows the equivalent circuits used to simulate the
impedance data of the ECAPed samples immersed in Hank's
solutions. The HF–MF arc was simulated by using a simple
Randles circuit (Fig. 4(a)) consisting of the solution resistance
(Rs), in series with a constant phase element (CPE) simulating a
non-ideal behavior of the capacitor due to the sum of the oxidelayer capacitance and the double-layer capacitance, in parallel with
the charge transfer resistance (R). For the samples with immersion
of 8 days, as the electrochemical properties were changed after a
long term of immersion, a second branch was added in the Randles
circuit to simulate these cases (Fig. 4(b)). The ﬁtting of the arc in
HF–MF range gives valuable information about the corrosion
kinetics of the ECAPed alloy.
Table 3 summarizes the ﬁtting values of charge transfer
resistance R (R1+R2 for the samples after immersion of 8 days)
obtained for all three types of samples after immersion in Hank's
solution for 1 h, 4 days and 8 days, respectively. Obviously, the
60 P sample always shows the highest R value over time compared
with the other two types of the samples. In addition, the decrement
of R value for 4 days sample and the increment of R value for
8days sample indicate the existence of an intermediate period in
which more protective corrosion products precipitated on the
surface of ECAPed samples. These protective corrosion products
ﬁnally improved the corrosion resistance of ECAPed samples at
8 days.
Our previous work present that grain ultraﬁning caused by
dynamic recrystallization and the homogeneous distribution of
secondary phases induce the improvement of corrosion resistance
F. Zhang et al.424of ECAPed ZE41A alloy in NaCl solution[16]. Similarly, on the
one hand the large number of ECAP passes induced a more
complete dynamic recrystallization which could decrease the
harmful inﬂuence of residual internal stress on the corrosion
resistance. On the other hand, they also resulted in an UFG
microstructure with homogenously distributed secondary particles
which could reduce the tendency of localized corrosion. Therefore,
in comparison with the 8 P sample in which dynamic recrystalliza-
tion was incomplete, the 60 P sample with equiaxed and homo-
geneously distributed UFG-microstructure possessed much lower
biodegradation rate in simulated body ﬂuids. ECAP is herein an
efﬁcient technique to improve the bio-corrosion resistance of
ZE41A Mg alloy.4. Conclusions1) The large number of ECAP passes resulted in a movement of
corrosion potential toward the noble direction and a decre-
ment of corrosion current density for ultraﬁne-grained ZE41A
Mg alloy immersed in Hank's solution.2) The ECAPed ZE41A Mg samples at 603 K for 60 passes
consist of UFG equiaxial Mg matrix due to complete dynamic
recrystallization and homogeneously distributed ﬁne second-
ary-particles, which leads to the highest value of charge
transfer resistance, indicating a best corrosion resistance after
a long period of immersion in Hank's solution.3) ECAP is an efﬁcient technique to improve the bio-corrosion
resistance of ZE41A alloy in Hank's solution and should be
paid more attention in the ﬁeld of controlling the biodegrada-
tion rate of Mg alloy as biomaterials.Acknowledgments
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